Introduction
Cell survival involves the serine/threonine protein kinase Akt (or PKB). The role of Akt in maintaining cell survival has been extensively described and involves several mechanisms (Downward, 2004) . In lymphocytes, Akt is stimulated by antigen receptors (Ward et al., 1992) , by the co-stimulatory receptor CD28 in naive T cells (Ward et al., 1996) , by OX40 in the case of activated and memory T cells (Ward et al., 1996; Song et al., 2004) and by cytokine or chemokine receptors. In adherent cells, Akt is also regulated by soluble factors but cell survival requires focal cell-matrix contacts or cell-cell interactions (Frisch and Ruoslahti, 1997; Watton and Downward, 1999) . Consequently, disruption of cell-cell or cell-extracellular matrix interactions induces apoptosis (anoikis) (Ruoslahti and Reed, 1994) , a process which can be rescued by activating the GTPase Rac (Coniglio et al., 2001) . The ability to escape anoikis is thus an essential step in oncogenesis.
Activation of Akt requires its recruitment to the plasma membrane and occurs in response to phospholipids produced by phosphatidylinositide 3-kinase (PI3K). Membrane attachment results in the phosphorylation of T308 in the activation segment by PDK1 and S473 in the C-terminal hydrophobic motif by PDK2. This activation pathway is negatively controlled by inositol lipid phosphatases, PTEN which dephosphorylates inositol at the 3 position and SHIP, which remove a phosphate at the 5 position. The Rac GTPase regulates cytoskeletal organization, cell cycle progression, gene expression and oncogenic transformation (Qiu et al., 1995) , which depend upon both soluble growth factors and integrin-or cadherin-mediated adhesion. Like most GTPases, Rac cycles between the GDP-bound inactive and GTP-bound active conformations and behaves as a molecular switch for signaling. The G12VRac (or Q61L) mutant remains in its GTP-bound conformation and constitutively signals to downstream effectors. In several models, it has been shown that an active form of Ras (V12Ras) activates PI3K, which in turn regulates Akt. However, depending on the ligand, PI3K can be regulated by either Ras-dependent or Ras-independent pathways (van Weering et al., 1998) . Moreover, Akt regulation has clearly been shown to be independent of Rac in fibroblasts (Marte et al., 1997) , endothelial cells (Welch et al., 1998) or neuroectoderm-derived cells (van Weering et al., 1998) . Interestingly, in the T-cell leukemic cell line model Jurkat, active Ras is unable to regulate Akt (Genot et al., 1998) . Instead, Akt activation was induced by constitutively active mutants of Rac, although Akt activation upon T-cell receptor triggering remained dependent of a functional PI3K (Genot et al., 2000) . A similar regulatory pathway has been described in the context of cell motility in nonlymphocytic models (Higuchi et al., 2001; Soga et al., 2001 ) but the molecular basis for Akt activation by Rac GTPases has remained unexplained so far. We were thus interested to explore the cellular contexts, which promote Rac-mediated Akt stimulation and to identify some molecular players involved in this regulation. Here we explored Akt activation by V12Rac in different cell types and under various experimental conditions. We report that V12Rac-mediated activation of Akt is a characteristic of nonadherent cells, independent of their cell lineage, and that this process is under the control of the 5 inositol phosphatase SHIP.
Results

Active Rac stimulates Akt activity in suspended cells
To find out whether V12Rac-mediated Akt activation was restricted to hematopoietic cells, we studied V12Rac-mediated Akt activation in cell lines from various lineages. Using a co-transfection protocol with plasmids encoding HA-Akt and V12Rac, we studied Akt phosphorylation in HPB-ALL, Kit225 (T-cell origin), U937 (promyelocytic) or BL41 (Burkitt's lymphoma) (data not shown), Raw (macrophage derived), HeLa (epithelial origin) and PAE cells (endothelial origin) ( Figure 1a ). We did not find activation in HeLa, PAE or Raw cells (Figure 1a ). These cells differ from the rest by the fact that during the experiment they were attached to the substratum. To explore further the hypothesis that V12Rac-mediated Akt phosphorylation could be dependent on the adhesion status of the cell, we employed a mast cell line, RBL-2H3, which can be cultured under either condition (Grodzki et al., 2003) . Akt phosphorylation was only increased by active Rac in cells kept in suspension but not in adherent cells (Figure 1b) . Thus, adherent RBL-2H3 cells contain all the components needed for V12Rac-mediated Akt activation but that this pathway is only switched on when cells are prevented from attaching to the substratum. In PAE and RBL 2H3 cell lines, we noticed that T308 basal phosphorylation levels were quite high. It is likely that this phosphorylation results from basal activation of a pathway triggered by mutationally induced constitutive c-kit receptor activity regarding RBL-2H3 cells (Tsujimura et al., 1995) , and by PDGF contained in the serum regarding PAE cells (Wennstrom et al., 1994) . Nevertheless, T308 phosphorylation was not further increased by V12Rac expression in these adherent cells.
We next tested the role of the adhesion status in nonhematopoietic cells by using an endothelial cell line in which expression of a V12Rac transgene is inducible (V12Rac-PAE) (Welch et al., 1998) . Cells induced to express V12Rac were separated in two batches: in the first one, the cells were allowed to attach and in the other, they were refrained from doing so. Akt activation was only observed in V12Rac-PAE suspended cells ( Figure 1c ) and correlated with enhanced phosphorylation on both T308 and S473 (Figure 1d ). We take these results to mean that Akt regulation by V12Rac requires the nonadherent status of cells independently of their lineage.
To bring biological relevance to these observations made in cell lines, we examined Akt phosphorylation status in adherent versus suspended freshly prepared peripheral blood lymphocytes. Data presented in Figure 1e show that in growth factor-rich medium potentially activating endogenous Rac, T308 and S473 phosphorylation were enhanced in suspended PBL compared to their adherent counterpart.
PTEN deficiency does not account for V12Rac-induced Akt activation
The loss of the tumor suppressor PTEN results in increased cell survival due to the lack of its negative feedback on Akt activity. To explore whether the absence of PTEN plays a role in the observed effect of V12Rac on Akt activation, we re-inserted PTEN expression in Jurkat cells that are devoid of this phosphatase (Astoul et al., 2001) . As anticipated, a strong global reduction in basal Akt activity levels was observed in the presence of PTEN (Figure 2a) . However, ectopic expression of V12Rac was still able to raise Akt activity above levels measured in PTEN-transfected cells. A similar effect was observed for basal and V12Rac-mediated T308 and S473 phosphorylations (Figure 2b) . No difference was observed when a membrane-targeted version of PTEN, PTEN-CAAX (which facilitates access to substrates) was expressed. In contrast, a dead version of the phosphatase had no effect ( Figure 2a ) and again, the stimulatory effect of V12Rac remained intact. To further exclude the possibility that V12Rac-induced stimulatory effect on Akt could be a general feature of cells lacking endogenous PTEN, we performed similar experiments in the PTEN-defective UMUC3 adherent carcinoma cell line (Parekh et al., 2000) . V12Rac was unable to stimulate Akt activity in these cells, whereas a constitutively active mutant of PI3K (a membrane-targeted version of the catalytic subunit, rCD2p110 (Reif et al., 1996) enhanced Akt activity (Figure 2c ). Taken together, these results show that the ability of V12Rac to activate Akt is not a general feature of cell lines lacking PTEN and indicate that Rac regulates Akt through another mechanism.
SHIP regulates V12Rac-mediated Akt activation Lipid phosphatases of the SHIP family mediate important feedback mechanisms on Akt regulation (Krystal, 2000) . To explore the impact of the absence of SHIP on V12Rac-induced Akt activity, we compared V12Rac responses in cells from the DT40 cell line with those of a SHIP-deficient clone (DT40 SHIP À/À (where the gene encoding SHIP has been mutated by homologous recombination) (Ono et al., 1997) . Both DT40 and its SHIP-deficient clone express PTEN (data not shown). V12Rac-mediated Akt activation in cells kept in suspension was stronger in the SHIP-deficient cells ( Figure 3a ) and this was also true for T308 phosphorylation ( Figure 3b ). To confirm this important finding, the impact on SHIP on V12Rac-mediated Akt activation was also examined in Jurkat cells, which are deficient for SHIP (Astoul et al., 2001) . Increased Akt T308 phosphorylation in response to V12Rac was found less pronounced in cells where SHIP had been reintroduced compared to control cells (empty vector) ( Figure 3c ). The consequences of SHIP absence on T308 phosphorylation were somewhat weaker in the Jurkat cell model compared to DT40 cells. This difference may reflects the fact that only a fraction of the population, represented by SHIP transfected cells (60% on average), respond in this assay and that SHIP expression levels may not attain those measured in cells normally expressing SHIP. Taken together, these experiments bring evidence that SHIP is On the next day, samples were processed for western blot and probed for Akt phosphorylation status using phospho-specific antibodies. Akt content and V12Rac expression were verified on western blot run in parallel. (b) RBL-2H3 cells were transfected in the same way (as in (a)) and cells were then split in two sets that were further cultured according to the adherent and nonadherent protocols. On the next day, western blot were performed and band intensities were quantitated (see the 'Materials and methods' section). For each phosphorylation site, the band of lowest intensity was arbitrarily taken as 1 and results are presented as fold increase of this basal response. (c) V12Rac-PAE cells were transfected with HA-Akt and plated onto tissue culture-treated dishes to allow cells to recover from the transfection procedure. Cells were then induced or not, to express V12Rac by adding 0.1 mM IPTG for 6 h. Next, cells were detached and split into two sets that were further cultured according to the adherent and nonadherent protocol. Six hours later, cells were harvested and processed for kinase assay (c) or western blot (d). Results were quantitated as in (b) and results are presented as fold increase of the basal response (*P (adherent versus nonadherent) o0.05). (e) PBL cells isolated from healthy donors were plated on tissue culture-coated dishes (adherent culture conditions) or bacterial (nonadherent culture conditions) dishes for 2 h in 1.5% serum containing medium at 37 1C. Cells were then lysed and analysed for Akt phosphorylation. One representative experiment. a negative regulator of T308 phosphorylation in response to V12Rac signals.
Since both adhesion and SHIP expression seemed to be involved in the regulation of Akt activity by V12Rac, a connection between these two parameters was investigated. To discriminate the regulatory effects exerted by SHIP from those mediated by adhesion, we examined the regulation of Akt by V12Rac in adherent and nonadherent DT40 wild-type or DT40 SHIP À/À cells. First of all, in adherent cells, the deficit in SHIP produced a dramatic increase in Akt basal phosphorylation on both sites (Figure 4a ). More importantly, in these adherent and SHIP-depleted cells, V12Rac had acquired the ability to stimulate Akt phosphorylation on both sites (Figure 4b ). We take these findings to mean that, in adherent cells, deletion of SHIP suppresses an inhibitory signal, which allows V12Rac to become a regulator of Akt activity. We conclude that in adherent cells, SHIP mediates a negative effect on basal T308 and S473 phosphorylations and an additional negative signal on the Rac-Akt pathway, which is released in suspended cells and manifests on both sites. Since membrane localization seems to be the critical mechanism regulating SHIP activity, we examined the subcellular distribution SHIP. Cytosolic fractions were enriched in SHIP in cells kept in suspension as compared to adherent cells (Figure 4c ). To examine whether Rac endogenous levels were affected by SHIP, endogenous basal Rac activity was measured in DT40 wt and DT40 SHIP À/À adherent cells (Figure 4d ). No significant differences were found between the two populations, indicating that SHIP is not involved in the regulation of basal Rac activity in adherent cells. In contrast, basal Rac activity was found significantly lower in DT40 wt suspended cells than in their adherent counterpart (Figure 4d ). This is likely 
V12Rac and phosphorylated Akt associate in a complex
To investigate the physical relationship between Rac and Akt in attached versus suspended cells and in the presence or absence of SHIP, we performed immunoprecipitation experiments in cells that were co-transfected with plasmids encoding HA-Akt and myc-V12Rac. In Jurkat cells, HA-Akt pulls down mycV12Rac and myc-V12Rac selectively precipitated HAAkt, which was found to be phosphorylated (Figure 5a ). Rac-Akt complexes were not detected when similar experiments were performed after transfection of a tagged wild type Rac (wt) (Figure 5a ). The same experiment carried out in the presence of the PI3K inhibitor LY294002 revealed that the event was PI3K-dependent ( Figure 5a ). The complex also remained undetectable when an Akt mutant lacking the PH domain was expressed instead of wtAkt (Figure 5a ). Therefore, both phospholipid products and Akt PH domain are instrumental in the formation of the complex. When a similar experiment was performed with SHIP À/À cells, the amount of V12Rac co-immunoprecipitated with Akt had increased 2.5-fold (Figure 5b ). The converse immunoprecipitation experiment led to similar observations. Overexpression of SHIP was found to reduce the association between Akt and V12Rac (Figure 5b ). These data indicate that the formation of the V12Rac-Akt complex is promoted in the absence of SHIP.
In adherent cells, molecular association between V12Rac and Akt was undetectable in V12Rac-expressing PAE cells, but could be obtained by bringing the cells in suspension (Figure 5c ). Finally, to assess functional implications of V12Rac-mediated activation of Akt, we tested whether or not V12Rac rescues detached PAE cells from anoikis. V12Rac expressing PAE cells showed increased viability in suspension compared to uninduced cells or PAE cells. This effect was abrogated by the addition of the Akt pharmacological inhibitor AI (Figure 5d ), confirming that cell survival was mediated through Akt regulation. We take these data to mean that active Rac, through Akt activation, plays a major role in maintaining cell viability in suspended cells.
Discussion
Akt plays a key role in many fundamental processes including survival and several studies performed in fibroblasts, epithelial or endothelial cells have established that this process is regulated through PI3K and in a Rac-independent manner. Here we show that Rac acts upstream of Akt in cells of various lineages, not restricted to the hematopoietic lineage, but only under conditions of nonadhesion. The most striking proof of the importance of adhesion was provided by 
Rac and SHIP regulate Akt in nonadherent cells
B Chaigne-Delalande et al the RBL-2H3 cell line, which can be cultured under either condition. Only under nonadherent conditions was V12Rac able to stimulate Akt. Activation of Akt coincides with molecular association of Akt and V12Rac involving the production of phospholipids. We are currently studying how active Rac interacts with Akt. Since V12Rac-mediated activation of Akt is dependent on PI3K activity, we studied the effects of PTEN and SHIP phosphoinositide phosphatases. Whereas PTEN had an anticipated modulatory role in V12Rac-mediated activation of Akt, commensurate with its capacity to dephosphorylate the 3 position of phosphoinoside phosphates, the regulatory effect of SHIP came as a surprise. As expected, loss of SHIP caused an increase in basal Akt activity but unexpectedly, adherent cells deprived of SHIP acquired the capacity to activate Akt via V12Rac, they behaved as if they were nonadherent cells. We postulate that, unlike PTEN, SHIP regulates Akt activation at two levels: one downstream of PI3K, by regulation the phosphoinositides level, and the other upstream of PI3K, by regulating the molecular association between V12Rac and Akt. This postulate is based on the findings that a loss of SHIP favors the formation of the complex between V12Rac and Akt and that the transition of an attached to a detached status is accompanied by a translocation of SHIP from the membrane to the cytosol.
Engagement of integrins with the substratum has been shown to localize SHIP at focal adhesion sites. This recruitment is caused through binding of its SH2 domain to the tyrosine phosphorylated adaptor protein p130Cas (Nojima et al., 1995; Prasad et al., 2001) . p130Cas thereby links SHIP to the cytoskeleton and could create a context, which somehow prevents V12Rac-mediated activation at the membrane under adherent conditions. In suspended cells, Akt is no longer activated by integrins and its activity drops (Frisch and Ruoslahti, 1997; Watton and Downward, 1999) . Cell On the next day, samples were harvested and split into two sets that were further cultured according to the adherent and nonadherent protocol. After 3 h, samples were processed for western blot and probed for Akt phosphorylation status. Blots were also exposed to films for a longer period of time in order to detect low intensity bands in wild-type DT40 cells. (b) Results were quantitated and normalized for Akt expression. For each phosphorylation site, the band measuring the control response (empty vector) was arbitrarily taken as 1 and results are presented as fold increase of this response when V12Rac is expressed (*P (wt versus SHIP À/À ) o0.05; **P (adherent versus nonadherent) o0.05). (c) DT40 wt or SHIP À/À cells were either lysed to prepare whole cell lysates or subjected to a fractionation protocol. Samples were analysed for their SHIP content by western blot and band intensities were quantitated. The SHIP content in the cytosol of nonadherent cells is presented as fold increase of the SHIP content in the cytosol of adherent cells, arbitrarily taken as 1 (**P (adherent versus nonadherent) o0.05).
(d) DT40 wild-type (wt) or SHIP-deficient (SHIP À/À ) cells were lysed and analysed for basal Rac activity by selective precipitation of GTP-bound Rac (Rac-GTP) using the pull-down assay. In parallel, a fraction of each sample, harvested before the pull-down step, was run in parallel to record total Rac content (Rac total). Band intensities were quantitated and the GTP-Rac/Total-Rac ratio calculated for each sample (**P (adherent versus nonadherent) o0.05).
detachment is associated with p130Cas dephosphorylation and subsequent SHIP detachment (Nojima et al., 1995) , an event that could release its inhibitory effect on the pathway.
In agreement with this, we observed that a significant fraction of SHIP relocated to the cytosol in suspended cells. Signals provided by exogenously expressed active Rac (this paper), or physiologically by soluble factors (Soga et al., 2001) or T-cell receptor triggering (Genot et al., 2000) might maintain Akt activity, relaying those which normally emanate from focal complexes or adhesion structures to assure the continuation of cellular functions and survival in loosely adherent cells. Supporting this scenario, we found V12Rac and Akt associated in a complex in suspended cells but not in adherent cells. Both Rac and Akt are present in their active form in the complex and several hypotheses can be put forward regarding the molecular mechanism by which Akt is activated by V12Rac. We previously established that the PH domain of Akt is required for Rac-mediated Akt activation (Genot et al., 2000) . PH domains have been shown to bind molecules other than phospholipids; in particular, active Rac has been shown to bind and thereby activate PLCb2 though binding to its PH domain (Snyder et al., 2003) . A second and equally plausible mechanism directly involves PI3K. The p85 regulatory subunit exhibits a bcr homology domain that may provide the structural basis for the interaction between Rac and PI3K. Interestingly, active Rac was reported to increase PI3K activity in vitro. Experiments aiming at determining the exact role of p85 in the coupling of Rac to Akt are now in progress.
Such a switch may underlie the plasticity of migratory white blood cells, which move from the bone marrow (cells attached to the stroma) into the blood stream (cells in suspension) and then into the tissues (attached cells again). Such a process may also contribute to cell motility (Higuchi et al., 2001) , as vascular endothelial growth factor (VEGF) regulates Akt through a Racdependent pathway in migrating cells (Soga et al., 2001) . Here, expression of V12Rac in PAE cells bypasses the need of VEGF signals and selectively triggers Akt activation in unattached cells. Similar mechanisms could also be involved during the dissemination of cancer cells. Indeed, an important characteristic of transformed cells is the loss of anchorage-dependent growth control, thereby disrupting the essential surveillance mechanism that prevents cells from colonizing elsewhere when they are detached from their normal residence. In addition to this survival advantage, V12Rac-mediated Akt activation promotes cell motility (Higuchi et al., 2001 ) and (c) V12Rac-PAE cells were plated on tissue culturetreated dishes to allow cells to recover from the transfection procedure. Cells were then induced or not, to express V12Rac by adding 0.1 mM IPTG for 6 h. Next, cells were detached and split into two sets that were further cultured according to the adherent and nonadherent protocol. Cells were harvested 6 h later, subjected to immunoprecipitation using anti-HA or anti-myc antibodies and then processed for western blot. (d) PAE and V12Rac-PAE cells were cultured under nonadherent conditions in the presence of 0.1 mM of IPTG and in the presence or absence of 10 mM Akt inhibitor. Cells were collected at 24 h, and apoptosis was quantitated by FACS, after annexinV-FITC staining.
invasiveness (Keely et al., 1997) of tumor cells. Inopportune activation of Rac may occur in transformed cells where signaling pathways are profoundly altered, thus providing means for tumor cells to simultaneously escape anoikis and promote invasiveness (Kim et al., 2001) .
In conclusion, these findings demonstrate the existence of another mode of regulation of Akt controlled by Rac activation. The formation of a complex between V12Rac and Akt occurs only in suspended cells and requires PI3K activity. V12Rac physically associates with Akt and is necessary for its activation in suspended cells through a mechanism that is presently under investigation in the laboratory.
Materials and methods
Cells and transfections
JHM1, a subline of the human T-acute lymphocytic lymphoma cell line Jurkat, and the human U937 monocyte cell line were maintained in RPMI supplemented with penicillin and streptomycin (Gibco BRL, Cergy-Pontoise, France), with 10% heat-inactivated fetal bovine serum (Globepharm, Surrey, UK), at 37 1C under 5% CO 2 . The avian lymphoma cell lines DT40 were obtained from Riken Bioresource Center Cell Bank (Japan) and were maintained in the same medium supplemented with 1% chicken serum and 50 mM b-mercaptoethanol. The PAE cell lines (p23, (Wennstrom et al., 1994) and V12Rac-inducible cell line (Welch et al., 1998) ) were maintained in Ham F12 medium/10% of fetal bovine serum and the V12Rac-PAE established cell line was maintained in the same medium supplemented with hygromycin and puromycin. The RBL-2H3 rat basophil and UMUC3 bladder carcinoma cell lines were maintained in Dulbecco's modified Eagles's medium per 10% fetal bovine serum. For suspension cultures, 10 7 cells cultured in F12 containing 0.2% bovine serum albumin were plated onto 15 cm bacterial dishes coated with 10 mg ml À1 heat denaturated bovine serum albumin (Del Pozo et al., 2002) . Peripheral blood mononuclear cells (PBL) were obtained from buffy coats of healthy donors. Erythrocytes were removed by Ficoll-Hypaque gradient cell separation, whereas monocytes were removed by adherence to plastic dishes for 1 h. The resulting lymphocyte preparation was used immediately. Cells were transfected via electroporation (Gene pulser, Bio-Rad, Marne La Coquette, France) (Genot et al., 2000) . Briefly, cells were pulsed in serum-free medium under conditions optimized for each cell line (between 250 to 310 V and 900 to 960 mF) except UMUC3, which was transfected using lipofectamine (Invitrogen, Cergy-Pontoise, France) according to the manufacturer's instructions. The amounts of DNA transfected in each experiment were kept constant by adding empty vector.
Plasmids and reporter constructs
Plasmids pSG5-HA-wtAkt, pcDNA3-EE-T308A-Akt, pSG5-HA-S473A-Akt and pSG5-HA-DPH, pRK5 myc-taggedV12Rac or wtRac and pEF-rCD2p110 have been described previously (Genot et al., 2000) . PTEN constructs were kindly provided by B Burgering (Department of Physiological Chemistry, University Medical Center, Utrecht, The Netherlands) and SHIP by Dr Kurosaki (Department of genetics, Kansai Medical University, Japan). All plasmids were purified by equilibrium centrifugation in CsCl/ethidium bromide gradients using standard procedures.
Apoptosis assay
Equal numbers of PAE and V12Rac-PAE cells were plated onto tissue culture treated or bacterial dishes in the presence of 0.1 mM IPTG and in the presence or absence of 10 mM Akt inhibitor (Calbiochem, Strasbourg, France). Cells were collected after 24 h and apoptosis was detected by labeling cells with annexinV-FITC and propidium iodide for 30 min in the dark at room temperature. Apoptosis was quantitated by flow cytometry on an EPICS XL Coulter cytometer equipped with an EXPO32 software.
Reagents and antibodies
Reagents were from Sigma. Antibodies against Akt and PTEN were from Santa Cruz Biotechnology, those against phosphorylated Akt from Cell Signaling Technology, those against Rac and SHIP from Upstate Biotechnology. Peroxidase-labeled antibodies were from Amersham International (Buckinghamshire, France). LY294002 was from Calbiochem and H2B from Boehringher Mannheim (Mannheim, Germany).
Kinase assays and western blot analysis Cells were transfected with an HA-tagged version of wtAkt together with various expression plasmids. On the next day, cells were harvested and equivalent numbers of living cells were subjected to immunoprecipitation using 12CA5 antibodies. The kinase reaction was performed using H2B as a substrate in the presence of [g-32P]ATP. After incubation at room temperature for 30 min, the reaction was stopped with Laemmli sample buffer and kinase reaction products were analysed by SDS-PAGE. The lower half of the gel was dried down, and 32P incorporation into H2B was quantitated using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA). The upper part of the gel containing immunoprecipitated tagged protein kinase was subjected to western blotting as described (Genot et al., 2000) . The amounts of proteins detected by western blotting were determined by scanning the autoradiograph, followed by processing of the data with NIH Image software.
Rac activity assay Rac activity was measured by pull-down assays using GSTCdc42/Rac-interactive binding domain (CRIB)-PAK (Sander et al., 1999; Moreau et al., 2003) . Rac activity was quantitated as the ratio of the measured staining intensity of the GTP-Rac band pulled down with the GST-PAK divided by that measured for total Rac.
Co-immunoprecipitation assays
Protein association was analysed in cells transiently transfected with expression vectors for Rac and Akt in the relevant cells. Transfected cells were washed then lysed in 20 mM Tris buffer (pH 7.5), 2 mM EDTA (pH 8.3), 150 mM NaCl, 0.5% Brij97 and phosphatase inhibitors. Lysates were clarified, incubated with the relevant antibody and further incubated with protein G-agarose. The immunoprecipitates were washed and bound proteins were eluted in sample buffer and analysed by western blot.
Fractionation protocol DT40 wt cells (1 Â 10 7 ) were plated on tissue culture-coated dishes (adherent culture conditions) or bacterial dishes (nonadherent culture conditions) for 3 h in low serum (1.5%) at 37 1C. Cells were then lysed in a hypotonic buffer containing 10 mM Tris (pH 7.5), 1.5 mM NaCl, 1 mMgCl 2 , 1 mM DTT and phosphatase inhibitors. Lysates were homogenized by passing them 15 times through a 23G needle and centrifuged at 100 000 g for 30 min. SHIP expression was analysed in supernatants (cytosolic fractions) by western blot.
Statistics
Quantification values represent the mean of at least three independent experiments7s.d. Significance was determined using the Student's t-test (*Pp0.05).
